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1. ABBREVIATIONS  
AAL – anatomical automatic labelling  
ACC – anterior cingulate cortex 
ADHD - attention deficit hyperactivity disorders 
B - estimated regression coefficient 
BA – Brodman areas 
BOLD – blood oxygen level dependent 
BPD – broncho pulmonal dysplasia 
BW – birth weight 
CC – corpus callosum 
CI – confidence interval 
CP – cerebral palsy 
CT – computed tomography 
DEHSI – diffuse excessive high signal intensities 
DTI – diffusion tensor imaging 
ELBW – extremely low birth weight (BW < 1000g) 
EPI – echo planar imaging 
EPT – extremely preterm (GA < 28 weeks) 
FWE - family wise error 
fMRI – functional MRI 
GA – gestational age 
GI – gastro intestinal 
GM – grey matter 
HUS – Haukeland University Hospital 
IVH – intra ventricular haemorrhage 
MBRN – Medical Birth Registry of Norway 
MNI – Montreal Neurological Institute 
MRI – magnetic resonance imaging  
NDDs – neuro developmental disabilities 
NEC – necrotizing enterocolitis 
NICU – neonatal intensive care unit 
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OR – odds ratio 
PEP – Project Extreme Prematurity 
PVL - periventricular leukomalacia 
RA – response accuracy 
RDS - respiratory distress syndrome 
ROP - retinopathy of prematurity 
RT – reaction time 
SD – standard deviation 
SGA – small for gestational age 
T – tesla 
VPT – very preterm (GA 28 – 31 weeks) 
WHO – World Health Organization 
WM – white matter 
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2. SUMMARY 
 
PURPOSE: Numbers of extremely preterm (EPT) children who survive is steadily 
increasing, and the majority of these children are in need of help at school.  
The purpose of this regional, clinical controlled cohort study was to compare anatomy 
and function of the brain in EPT/extremely low birth weight (ELBW) and term born 
children at eleven years of age, and study the relation to school performance and 
cognitive skills. Brain anatomy findings were also compared to young adults born very 
preterm. 
METHOD: A population based cohort of all EPT/ELBW (gestational age (GA) < 28 
weeks or birth weight (BW) < 1000g) children born in Hordaland or Sogn- og 
Fjordane in 1999-2000, was the basis for this thesis. An additional cohort of very 
preterm (VPT, GA 28-31) young adults (19 years) was included. Both cohorts were 
compared to a randomly selected, age appropriate term born control group. In paper I, 
frequency and magnitude of cerebral brain pathology assessed by magnetic resonance 
imaging (MRI) in EPT, VPT and term born children/young adults were investigated. 
In paper II, a possible difference in blood oxygen level dependent (BOLD) activation,  
assessed by functional magnetic resonance imaging (fMRI) and performance during a 
working memory/selective attention task (the n-back/Stroop task), between 
EPT/ELBW and term born children was analysed. In paper III, a possible association 
between school performance, assessed by compulsory national school tests, scores on 
a working memory/selective attention task, BOLD activation during this task and 
prematurity was investigated.  
RESULTS:  
Paper I: An increased frequency of MRI pathology was found in both the EPT and the 
VPT cohorts compared to their respective term born control groups. The frequency 
was higher in the EPT than the VPT group, but also higher in the EPT controls than 
the VPT controls. Group differences were mainly limited to mild pathology.  
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Paper II: When performing a working memory/selective attention task, the eleven year 
old regional EPT/ELBW cohort showed the same pattern of brain activation as the 
term born control group, but the intensity was significantly reduced. The main areas of 
activation were the prefrontal and parietal areas and the anterior cingulate cortex 
(ACC). The EPT/ELBW children had fewer correct responses, particularly in the 
cognitively more demanding settings.  
Paper III: There was no significant difference in school performance between the 
children born EPT/ELBW and at term. There was a significant positive association 
between correct responses on the n-back/Stroop task and school performance, 
independent of prematurity (r=0.41, p=0.004). BOLD activation was associated with 
response accuracy on the n-back/Stroop task, but not with school performance. The 
BOLD activation pattern in children scoring high versus low on the n-back/Stroop task 
was different compared to the pattern in preterm versus term born control children. 
 
CONCLUSIONS: The same structural MRI pathology was found in subjects born 
EPT, VPT and at term, but less frequently in those born at term. MRI lesions were 
more common in the EPT than the VPT group, but also in the EPT control group 
compared to the VPT control group. Lack of objective criteria for differentiating mild 
pathology from normality at the different ages may be the cause of differences in the 
term born groups. The fMRI study demonstrated that working memory and selective 
attention capacity was reduced in EPT/ELBW children compared to term born 
controls, with a matching reduction in BOLD activation in areas responsible for 
cognitive control. High BOLD brain activation was associated with better cognitive 
performance. Although cognitive performance was positively associated with school 
performance, BOLD activation did not reflect school performance.  
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4. BACKGROUND 
 
4.1. Normal brain development 
 
Anatomical development: The development of the central nervous system starts at the 
16th day after fertilization with the appearance of the neural plate(1).  The lateral 
edges of the neural plate become elevated to form the neural tube, which is the 
forerunner of the brain and spinal cord. Most neurons are produced between week four 
and week twenty, and several die before the child is even born. At the end of the fourth 
week, three major divisions of the brain appear (the forebrain/prosencephalon, the 
midbrain/ mesencephalon and the hindbrain/telencephalon), and during the 5th week 
secondary swellings appear and make a total of five major parts (the telencephalon 
(becomes the right and left cerebrum), diencephalon (becomes thalamus, epithalamus, 
hypothalamus and subthalamus), mesencephalon (becomes the midbrain), 
metencephalon (becomes pons and cerebellum) and myelencephalon (becomes 
medulla oblongata)).  The lumen of the neural tube is the start of the ventricular 
system. The lateral ventricles develop on each side of the cerebral hemispheres, the 
third ventricle is centred in the diencephalon and the fourth ventricle boarders the 
medulla, pons and cerebellum. Narrow channels are formed connecting the ventricles 
to each other and to the lumen of the spinal channel (1).  
 
Gyration: Folding of the brain, gyration, start at week 14, but the main process 
happens between week 26 and 36, which is mainly after time of birth in extremely 
preterm (EPT) children. What initiates and runs the process is uncertain. Several 
theories have been suggested, like gene control, cortical growth caused by different 
growth patterns of the inner and outer cortical layers, tension created by white matter 
(WM) axonal fibres or environmental factors (2). Being outside the uterus is thought to 
have a negative influence on the process, and is therefore an essential factor in brain 
development and function in EPT children.  
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Blood vessels: Around week seven to eight, the first blood vessels are developed in the 
human embryo. Blood vessels in the germinal matrix are fragile temporary vessels 
with a different microstructure to the more permanent vessels at term birth (3). The 
germinal matrix has the highest density of blood vessels and percentage of blood 
vessel area , followed by grey matter (GM) and then WM. Density and blood vessel 
area both increase with increasing GA. Haemorrhages in these areas are therefore 
more common in preterm than term born children (4).  Lack of or immature auto 
regulation of cerebral blood flow has also been suggested as a possible mediating 
factors in rupture of blood vessels in the premature brain (5), though some authors 
suggest that the relationship between pCO2 and blood pressure is more important than 
pressure and blood flow (6).  
 
Brain size: At term birth, a normal brain weighs about 400g. Additional weight after 
this time is due to continued synaptic connections being made, development of more 
neuroglia, and development and thickening of the myelin sheath around the nerves. 
The brain contains about 100 billion neurons at birth, continuously making new 
synaptic connections and eliminating inefficient synapses (7). At three years of age the 
weight of the brain is almost that of the adult brain, but slow growth continues until 18 
years. The total brain volume reaches adult size at six to eight years, and a decline in 
brain size starts after about 50 years (8).   
 
Grey matter (GM), white matter (WM) and corpus callosum (CC):  GM volume 
increases about 13% from early childhood (19-33 months) to late childhood (6-8yr), 
before the total GM volume decreases slowly throughout life. WM volume, however, 
increases with about 74% from early childhood to adolescence (12-15years) before it 
increases slowly to its maximum level around the fourth decade, and then very slowly 
decrease (about 13% total decrease at the age of 70-80yr)(8). 
There is a trend towards lower brain volume, lower cortical surface area, lower WM 
volumes but equivalent sulcation in females compared to males (2). 
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4.2. Brain injury  
A critical issue for preterm infants is how the immature tolerates the impact of birth 
and life outside the uterus, as the preterm brain is fragile and susceptible to injury. 
Particularly highly vascular areas and periventricular WM are at risk of haemorrhage 
and ischemia. As quoted: ‘Infants born at between 22 to 25 weeks of gestation are 
fragile and vulnerable and at high risk for brain injury due to hypoxia and ischemia 
and malnutrition, as well as sepsis, which starts the cascade of events that increase the 
risk of brain injury with haemorrhage, white-matter injury (periventricular 
leukomalacia (PVL) and ventriculomegaly), and poor brain growth, and for subsequent 
neurodevelopmental impairment ‘(9).  
Few theories on why intra-ventricular haemorrhages (IVH) appear mainly in the 
germinal matrix have been presented, and the pathogenesis of IVH in preterm children 
is not well understood.  Ballabh et al found that vessel density and percentage of blood 
vessel area in the germinal matrix, WM and GM increase with increasing gestational 
age (GA) (3). The increased vascularity of the vessels found in the germinal matrix 
compared to WM and GM may explain why haemorrhages frequently appear in this 
area. The severity of the haemorrhage is normally classified according to Papile’s 
classification of cerebral haemorrhages, although this is a computed tomography (CT) 
classification (10). PVL is the most common WM lesion in preterm infants/children, 
and is characterized by necrosis, inflammation and often cyst formation. The 
pathophysiology is poorly understood, but it is suggested to be caused by ischemia as 
the areas around the ventricles (the water-shed areas) has a relatively low vascularity 
(4, 5). PVL can be either cystic or non-cystic, and is normally classified according to 
De Vries ultrasound based classification (11). Multicystic PVL is a strong predictor of 
later cerebral palsy (CP) (12). Both haemorrhages and ischemia are associated with 
loss of brain volume, and subsequent increase in ventricular size (13).  
Diffuse excessive high signal intensities (DEHSI) are common findings in MRI scans 
of EPT infants at term age, and will normally disappear within the first months of life.  
Possible causes are vasogenic oedema, reduced axonal diameter, oligodendrocyte 
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damage or delay in maturation (14). DEHSI are not thought to have any impact on 
later neurodevelopmental outcome.  
 
4.3. Prematurity – low birth weight 
 
In 1948, The World Health Organization (WHO) defined preterm birth as birth before 
week 37, and this definition is still valid (15). 15 million babies are born preterm every 
year, and it is the leading cause of new born deaths (within the first four weeks after 
birth) globally according to the WHO. North America and Africa have the highest 
preterm birth rate registered, with 10.6 and 11.9 per cent respectively, while Europe 
has the lowest rate with 6.2 per cent (16). Numbers of children actually registered as 
born premature (live and stillbirths) are increasing in most countries (both high and 
low income countries) due to better measurements of GA, increases in maternal age, 
underlying maternal health problems (like diabetes and high blood pressure), increased 
use of infertility treatment (initially a strong increase in rate of multiple births, but now 
declining again,  Årstabeller for medisinsk fødselsregister 2011, Folkehelseinstituttet)  
and a higher use of caesarean section before term among others (15).  
 
   4.3.1. Definitions 
 
Over the years there has been a difference in opinion concerning how to define 
prematurity. In 1948, WHO defined all living infants with birth weight (BW) below 
2500g as immature, and GA below 37 weeks as premature. The two terms were more 
or less interpreted as equivalents. As ultrasound was not in common use to determine 
GA before the 1990s, BW became the commonly reported measure in studies of 
preterm children. Whether GA or BW is the best parameter for defining preterm 
children is debatable; some argue that neither one is sufficient on its own (17, 18). A 
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challenge using both GA and BW, however, is that the mechanisms behind abnormal 
brain anatomy or function can be based on very different degrees of maturation despite 
similar weight (19). Mature children born ‘small for gestational age’ (SGA, often 
defined as below the 10thcentile for weight), will be included in the same group as 
more immature children with the same BW. The most commonly used classification 
system at the present covers both GA and BW (Table 1).  
 
Table 1 Definitions of prematurity according to gestational age or birth weight 
Gestational age, weeks Birth weight, grams 
Micro premature < 26 < 750 
Extremely low GA/extremely preterm < 28 
Extremely low birth weight < 1000 
Very low GA/very preterm 28 - 31 
Very low birth weight < 1500 
Low GA/preterm  < 37 
Low birth weight < 2500 
Late preterm  34 - 36 
Term  37 - 42 ≥ 2500 
Post term > 43   
 
In Norway, the number of EPT children born has been stable at 0.4% a year since 
1970, but the number of EPT infants surviving the first year of life is increasing 
(Medical Birth Registry of Norway).  
 
4.3.2. Aetiology 
 
Preterm birth can start either with spontaneous labour (around 45%), with preterm and 
pre labour rupture of membranes (ca. 25%) or be started by medical personnel due to 
complications (ca. 30%) (20, 21). For most spontaneous preterm births the cause is 
unknown, but there are several known risk factors. Some of these are of maternal 
origin like socioeconomic demographics, systemic illness, nutritional status, stress and 
genetic factors. Other factors related to obstetrics and pregnancy like infections, 
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multiple pregnancies, cervical insufficiency, vaginal bleeding, previous preterm birth, 
uterine surgery, maternal smoking, maternal age and short interval between 
pregnancies can all influence length of pregnancies (20-22). Additionally, the fact that 
ultrasound scans are used more frequently as a measure for expected date of delivery 
have resulted in lower estimations of GA (23). 
 
4.4. Prematurity and outcome  
 
Challenges related to EPT/extremely low birth weight (ELBW) infants in the neonatal 
period are numerous, and often persist into childhood, adolescence and adulthood. 
However,  children born EPT during the last two-three decades have better outcome 
than cohorts born earlier due to the major developments in neonatal medicine (24). As 
the rate of surviving preterm children is increasing, so does the economic costs for 
society due to neonatal morbidities and deviant long term outcome. Already in 1978-
88, the cost of hospital admissions alone during the first ten years of life in children 
born earlier than 28 weeks GA ten times exceeded the price of a term born child, and 
will have increased along with improved advanced life support measures over the last 
two decades (25).  
 
4.4.1. Neonatal morbidities 
 
The chance of surviving the first year after preterm birth is highly dependent on place 
of birth. While 57% of EPT and 92% of very preterm (VPT) infants born between 
2001 and 2010 in Norway survived the first week, according to the Medical Birth 
Registry of Norway (MBRN), children born before week 32 have limited chance of 
survival in many low income countries (16). Survival rates the first year of life if born 
EPT are lately reported to be 50 -75% (18, 26, 27).  Year of birth is another important 
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factor, as preterm birth during the last two decades has improved compared to earlier 
years due to e.g. increased use of antenatal steroids, surfactant therapy,  increased use 
of assisted ventilation and a change in attitude towards who to save (24, 28) . 
The most common neonatal morbidities are infections (sepsis), respiratory problems, 
problems caused by immaturity of the gastro-intestinal (GI) tract, retinopathy of 
prematurity (ROP) and brain injury (chapter 4.2). Neonatal sepsis, or sepsis within the 
first week of life, is reported in two to seven per cent and is a major risk factor for 
death and neonatal morbidity in EPT/ELBW infants (29, 30).  Late onset sepsis (> 6 
days, before discharge from neonatal intensive care unit (NICU)) is reported in 20 % 
of preterm children in the Project Extreme Prematurity (PEP) and in 11 – 32 per cent 
in other studies, and the incidence increases with decreasing GA (30-32). Whether 
sepsis during an early stage can influence later neurodevelopmental outcome is still 
uncertain, but several studies have reported an association (32, 33).  
Lung disorders are perhaps the most recognized neonatal morbidities. The initial stage 
is respiratory distress syndrome (RDS) where structural immaturity (as the formation 
of the alveoli is incomplete) and lack of alveolar surfactant lead to alveolar collapse. 
The incidence is increasing with decreasing GA (34).  Bronco-pulmonary dysplasia 
(BPD) is defined as continued dependency on oxygen or assisted ventilation at four 
weeks post birth, or more commonly today as such dependency at 36 weeks’ 
postmenstrual age. Risk factors are prematurity, oxygen treatment and mechanical 
ventilation (35). In the PEP cohort the incidence of BPD was 67% for children with 
GA < 26 weeks, and 37% for children with GA 26 - 30 (36). The use of postnatal 
steroids during treatment of infants with lung disease is common, but caution has been 
advised as an association with poorer neurodevelopmental outcome has been found in 
recent studies (37-39).   
Immaturity of the GI tract can lead to necrotizing enterocolitis (NEC), causing 
necrosis of tissue in the GI tract. The reported incidence is eight to nine per cent, and it 
is thought to be related to later neurodevelopmental outcome when surgically treated 
(40, 41). Retinopathy of prematurity (ROP), the main cause of reduced vision and 
blindness in preterm children, is characterized by vascular abnormalities in the 
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developing retina, and it was found in 60 per cent of children with GA = 24 weeks, 
and 24 per cent in GA = 27 in the national PEP study (39). There is a strong 
association between oxygen treatment and ROP (42). Sensorineural hearing loss is 
found in about 6% of children with BW < 750g , and the recognized neonatal risk 
factors are asphyxia, ototoxic drug exposure, hyperbilirubinemia, neuro infections and 
IVH (43). 
 
4.4.2. Neuro-developmental Disabilities (NDD) 
 
Preterm children surviving the neonatal period have an increased risk of severe 
neurodevelopmental disabilities (NDDs) like CP, blindness, deafness and learning 
disabilities compared to the general population. IQ levels, cognitive capacity and 
learning disabilities versus difficulties are described under chapter 4.4.3. In a Swedish 
study, Johnson et al. found severe functional disability (CP, impaired neuro-motor 
function, vision- and hearing impairments)  in 45% of children born < week 26 
compared to 1% in classmates, and that only 50% of EPT are free of disability at 11 
years of age (44).  It has been suggested that the increased survival rate of EPT/ELBW 
children has led to an increase in the rates of impairments and disabilities, but recent 
studies have found the contrary (45). The incidence of CP increases with decreasing 
GA, and was found in 9 % EPT compared with 0,1% in term born children in a large 
Norwegian national epidemiological study of subjects born during 1967 - 82 (46).  
Other studies have found similar ratios, ranging from 7 to 17 per cent (44, 47). In the 
Norwegian PEP-study the incidence was 7% in children born EPT, but within this 
group the incidence was 4% for survivors born at GA 26-27 weeks vs 15% for those 
born at GA 23-25 weeks (48). Severe visual impairment in EPT children is normally a 
result of ROP, and is seen in 2 to 9 per cent depending on GA below 26 or 28, and at 
what time the cohorts in the studies were born (39, 44). Hearing impairment is 
reported in 1 to 6 per cent in recent studies, dependent on how the hearing impairment 
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is classified (39, 44, 47, 49). Most of the major NDDs are discovered before two years 
of age (39). 
Mental problems from school age described as attentional, emotional and peer 
problems are also accepted long term risks in EPT children (50).  Attention deficit 
hyperactivity disorders (ADHD)(51), autism spectrum disorders (46) and mental 
health problems in general (52) are all reported in increased ratios in preterm children 
compared to term born control children. Mental health problems and learning 
difficulties are mainly diagnosed at school age and later.  
 
4.4.3. Cognitive skills – working memory/selective attention 
 
Two important aspects of cognitive skills are working memory and selective attention, 
both essential to school performance. The term working memory can be interpreted as 
the ability to temporarily store and process incoming information in order to restore it 
within a short interval of time (53). Selective attention is the ability to ignore one 
incoming stimulus in order to focus on another incoming stimulus (54).  
This thesis uses the term learning disabilities in its English interpretation, meaning 
mental retardation or IQ level below 70 IQ points (‘Mental retardasjon’ in Norwegian, 
http://www.nhs.uk/Livewell/Childrenwithalearningdisability/Pages/Whatislearningdisa
bility.aspx), and must not be confused with learning difficulties, which refer to milder 
problems concerning the ability to learn (e.g. dyslexia, inattention) and are not 
necessarily linked to IQ level.  
Impaired cognitive skills have been recognized as one of the main challenges for 
preterm children not suffering from any major NDDs. Cognitive performance at school 
age is directly proportional with the GA at birth (55). However, a review of cognitive 
skills in EPT children born from the 1960s and into this century concludes that being 
born after the year 2000 increases the chance of having better cognitive skills than 
being born earlier (56).  
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    4.4.4.  School performance in EPT/ELBW children 
Thirty per cent of EPT/ELBW children born in 1985-1990 performed at grade level in 
school without educational support in a study from Australia (57), and two thirds of 
children with GA < 26 weeks needed extra help at school according to the Epicure 
study in Great Britain (58). A Norwegian national epidemiological cohort study of 
preterm children born in 1967 – 83 found that two thirds of EPT graduate from high 
school, compared to three fourths of term born children, and one fourth completed 
university or bachelor’s degree compared to one third of term born controls (46). 
Several studies find low cognitive skills or low school performance in preterm children 
(39, 55, 59). 
 
4.5. Cerebral magnetic resonance imaging (MRI)  
 
MRI is primarily used for visualizing the organs and structure/tissues of the body. The 
unique benefit compared to CT is that there is no ionizing radiation and that it provides 
greater contrast between soft tissues and thereby improve image clarity.  MRI is based 
on the magnetic moment and spin of the atomic nuclei of the hydrogen molecule (the 
brain consists to a large extent of water) when placed in a magnetic field. In a 
homogenous magnetic field, the spins will be parallel to the field axis, and applying 
additional energy in the form of high frequency radio pulses will dislocate the 
orientation of the spins. As the extra energy is gradually absorbed by the surroundings, 
the protons will realign with the magnetic field again, and the time it takes to realign 
can be measured and used to differentiate between tissue textures. Strong magnetic 
fields are used to create images of biological tissue, and the field strength is expressed 
as Tesla (T). Most scanners used for humans are 1,5T or 3T, but even 7T are now in 
use (in comparison, the magnetic field of the earth is 0,00005 T). To generate a static 
magnetic field, a series of large electromagnetic coils carrying large currents are 
placed around the core of the scanner (60).  
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The very start of MRI can be traced back to an Austrian physicist named Wolfgang 
Pauli in the 1920s, followed by the discoveries by the American Nobel Prize winners 
Isidor Rabi (1944), Felix Bloch and Edward Purcell (separately, in 1952) among 
others(60). Raymond Damadian first suggested using Nuclear Magnetic Resonance 
measurements for biological material and was the first to build a full body MRI 
scanner (23). Some say he was passed over for the Nobel Prize in Physiology and 
Medicine 2003 by Paul Lauterbur and Peter Mansfield who introduced magnetic field 
gradients, which made it possible to produce images (61) and developed the echo 
planar pulse sequence (62) necessary for the fast image acquisitions used in fMRI, 
respectively. As MRI scanners became commercially available to hospitals in the 
1980s, the scanners became available for structural initially and then functional MRI 
research from 1992 (60).  
 
   4.5.1. Structural MRI and prematurity  
 
For preterm infants, the most common pathological cerebral findings in MRI scans are 
haemorrhages, focal WM pathology including DEHSI, reduced size of CC and 
ventricular dilatation (14, 63-69). When the children grow older, the DHESI, 
haemorrhages and ischaemic areas vanish but often leave sequelae in the form of PVL, 
increased ventricular size (also from other causes) and focal WM pathology. 
Regarding long term outcome, PVL is one of the main predictors of later NDDs. 
Several other MRI outcome measures are also related to reduced neuro developmental 
outcome in preterm children, like increased ventricular size and diffuse WM 
abnormalities  (14, 70). The connection between pathological MRI findings and mild 
cognitive impairment is not clear, but it is uncommon that preterm children with 
severe neuropsychological impairment or psychiatric disorders have a normal MRI 
scan (71). Reductions in the size of CC and differences in the ratios of WM and GM 
are other common cerebral MRI findings in childhood that are related to poorer 
cognitive outcome (72, 73).  
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As adolescents, signs of  preterm birth may still be visible on MRI scans in the form of 
increased ventricular size, reduced size of CC, reduced bulk of WM and some focal 
WM pathology (71, 74-79).  
So far, the MRI studies referred to have mainly been of VPT children or mixed groups 
of preterm children. Regarding the selected group of EPT children, information is 
limited as they enter school age. An overview of studies up to 2012 is given in Table 
2.   
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Table 2 Cerebral MRI findings in extremely preterm infants and children found via a Pubmed search 
using the terms extremely preterm/premature, cerebral and MRI up to 2012 
Author Year Cohort   Controls Results 
Maalouf et al. 1999 UK, 1997-98, 
<30weeks, infants, 
n=41 
Yes High incidence of persisting WM 
anomalies compared to term infants 
Felderhoff-
Mueser et al. 
1999 UK, 23-28weeks, 
extremely sick infants, 
n=7 
No Conventional MRI was able to detect 
structural changes like 
haemorrhages, but not more subtle 
histological abnormalities 
Ajayi-Obe et 
al. 
2000 UK, Extremely 
preterm, infants, n=14 
Term born At 38-42 weeks, cerebral cortex had 
less cortical surface and was less 
complex than in term born infants 
Messeschmidt 
et al. 
2005 Austria, 1988-2004, 
<30weeks,<1500g, 
infants, n=28 
No Severe reduction in cerebellar 
volume with symmetric involvement 
of cerebellum 
Bodensteiner 
et al. 
2006 USA, 50 GA<28 and 
<1000g with CP, 
children, n=50 
No Decrease in cerebral WM without 
gliosis 
Dyet et al. 2006 UK, 1997-2000, 
infants, GA<30weeks, 
n=119 
No Diffuse WM abnormalities and 
ventricular dilatation common at 
birth, correlate with reduced 
developmental quotients 
Horsch et al 2007 Sweden, 2004-2005, 
<27weeks, infants, 
n=51 
No 2%severe WM abnormalities, 
16%moderate, 8% GM abnormalities 
Fumagalli et 
al. 
2009 Italy, <28weeks or 
<1000g,  cerebellar 
bleeding, n=9  
66 ELBW 
without 
cerebellar 
bleeding 
Cerebellar haemorrhages seem to 
effect the development of pons in 
the youngest GA  
Skiold et al. 2010 Sweden, 2004-07,  
<27weeks, n=129 
16 term 
born, 
caesarean 
section 
14% had moderate or severe WM 
abnormalities, subtle WM changes 
verified by DTI in the majority of the 
extremely preterms 
Taylor et al. 2011 USA, 1982-86, <750g, 
infants, n=37 
36 term 
born 
Reduced volume subcortical GM, 
WM and cerebellum in preterm 
children 
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4.5.2. Functional fMRI and prematurity 
 
In its traditional form, fMRI is a neuroimaging technique where the participant 
performs a task (cognitive, sensory, motor, emotional, etc.) while MRI scans are 
continuously acquired and synchronized to the presentation of a stimulus or 
instruction, and thereby to the initiation of a cognitive, sensory or other process. This 
allows for studying brain function over time, and for investigating neural correlates to 
mental processes. Choosing the right fMRI task in order to understand and be able to 
interpret the resulting brain activation maps is therefore of major importance.   
fMRI is based on the so called Blood Oxygen Level Dependent (BOLD) contrast 
which reflects the differences in magnetic properties of oxygenated (diamagnetic) 
versus deoxygenated (paramagnetic) haemoglobin (Hb), or oxygen extraction. During 
baseline conditions, oxygenated Hb is converted to deoxygenated Hb at a constant rate 
in the capillary bed. Oxygen demand in the tissue is increased when neuronal activity 
is increased, thereby increasing the blood flow to the brain region where metabolic 
demands are rising (e.g. when the neurons in that region are engaged in processing a 
specific stimulus or task). The increase in blood flow to the critical region(s) exceeds 
the metabolic oxygen consumption about four-fold, causing a relative decrease in the 
amount of deoxygenated Hb, which can be recorded as a difference in magnetic 
susceptibility in MRI images (80). The BOLD contrast is therefore providing an 
indirect measure of neuronal activity, but with relatively high spatial resolution (60). 
fMRI imaging has been used to study for example somatosensory (81), sensorimotor 
(82) and a resting state (83) network(s) in preterm infants, but there are natural 
limitations to which tasks one can apply in infants and small children. Peterson et al 
found that eight year old preterm children (GA < 33 weeks) processed a story with a 
semantic content the same way as term born children processed a nonsense story (84). 
Different neuronal pathways for language processing in preterm compared to term 
born children have been supported also by other authors (85-88). Although some 
studies report signs of alternative pathways, the overall message from fMRI studies of 
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preterm children is that they show reduced brain activation in task related areas of the 
brain compared to their term born peers, and they score below their term peers on 
cognitive tasks (84, 89). fMRI studies of preterm children up to 2012 is summarized in 
Table 3. 
 
Table 3 Functional MRI studies in preterm children up to 2012.  
Author, year Preterm cohort Controls Method - task Results 
     
INFANT STUDIES    
Heep et al. 
2009 
Germany, 24-
30weeks, n=5, 
infants 
No passive 
sensorimotor 
stimulation 
fMRI possible in infants 
Ariachi et al. 
2009 
UK, 2008-2009, 
25-36weeks, 
n=32, infants 
Term born, 
n=8 
passive 
somatosensor
y stimulus 
Possible to reliably identify BOLD 
signals in infant the brain 
Smyser et al. 
2010 
USA, <38weeks, 
n=90, infants 
Term born, 
n=10 
resting state Identified resting state networks 
demonstrate a regionally age-
specific pattern of development  
Doria et al. 
2010 
UK, 25-
35weeks, n=62, 
infants 
Term born, 
n=8 
resting state Resting state networks develop 
with different trajectories, the 
repertoire of resting state 
dynamics during rapid neural 
growth in last trimester 
Kalpakidou 
et al. 2012 
UK, 1979-84, 
<33weeks, 
n=41, infants 
Term born, 
n=17 
verbal 
associate 
learning task 
Right frontal and right parietal 
brain activation decrease as the 
severity of neonatal brain injury 
increase 
Lee et al. 
2012 
Canada, mean 
29weeks, n=36, 
infants 
Term born, 
n=23 
visual flash No reliable BOLD signal from visual 
flash in infants, not appropriate for 
occipital lobe function testing. 
Smith et al. 
2011 
USA, 2008-09, 
<30weeks, 
n=44, infants 
No stressors Exposure to stressors associated 
with alterations in functional 
connectivity 
 
LANGUAGE STUDIES 
Peterson et 
al. 2002 
USA, 26-
33weeks, n=24, 
7-9yr 
Term born, 
local 
community, 
n=13, + 4 
adults 
language Preterm children used same 
pathway for semantic story as term 
children for meaningless story 
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Rushe et al. 
2004 
UK, 1979-80, 
preterm male 
with corpus 
callosum 
thinning, n=6, 
18yr 
Term born, 
n=6 
phonological 
processing 
Increased frontal and decreased 
occipital activation. 
Ment et al. 
2006  
USA, 1987-89, 
27-35weeks, 
n=14, 12yr 
Term born, 
local 
community, 
n=24 
passive 
language 
Different neural systems for 
processing language 
Ment et al. 
2006  
USA, 1987-89, 
<33weeks, 
n=47, 8yr 
Term born, 
n=24 
passive 
language test 
Positive effect of indomethacin 
treatment on language function in 
preterm children 
Schafer et al. 
2008 
USA, 1987-89, 
600-1250g, 
n=22, 12yr 
Term born, 
local 
community, 
n=26 
semantic 
association 
task 
No performance difference, similar 
activity, connectivity analysis 
revealed different neural pathways 
for lexical semantic pathways 
Nosarti et al. 
2009 
UK, 1983-84, 
<33weeks, 
n=28, 20yr 
Term born, 
n=26 
letter fluency 
task 
fMRI activation differences only 
partly explained by structural 
changes, may reflect functional 
plasticity. 
Gozzo et al. 
2009 
USA, 1987-89, 
27-35 weeks, 
n=54, 9yr 
Term born, 
local 
community, 
n=24 
auditory 
language task 
Employ neural  systems for 
auditory language function 
differently to term controls 
Myers et 
al.2010 
USA, 1987-89, 
27-35weeks, 
n=31, 16yr 
Term born, 
local 
community, 
n=36 
language Preterm adolescents engage a 
dorsal right hemisphere region for 
language. 
Lawrence et 
al. 2010 
UK, 1983-84, 
<33weeks, 
n=22,  
Term born, 
advertisement
, n=22 
verbal 
associate 
learning task 
Preterm birth leads to functional 
neuronal differences at adulthood 
Barde et al. 
2012 
USA, 27-
35weeks, n=18, 
9-14yr 
Term born, 
n=14 
auditory 
sentence 
comprehensio
n 
Preterm birth modulates brain-
behaviour relations in sentence 
comprehension as task demands 
increase 
    
MEMORY STUDIES    
Maguire et 
al. 2001 
UK, GA 
26weeks, male 
with bilateral 
hippocampal 
damage, n=1, 
22yr 
Term born, 
n=6 
memory 
retrieval 
Despite 50%volume loss of 
hippocampus, the preterm male 
showed increased bilateral BOLD 
signal in hippocampus during task 
Gimenez et 
al. 2004 
Spain, 1982-84, 
<34weeks, 
n=14, 12-18yr 
Term born, 
n=14 
memory task Contralateral compensatory 
activation mechanisms when 
volume decrease in left 
hippocampus in preterms 
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Curtis et al. USA, 1987-89, 
27-35weeks, 
n=9, 12-15yr 
Term born, 
friends, n=9 
memory task Increased signal in right caudatus 
in preterms during encoding, no 
difference in in-magnet 
behavioural data 
   
RESTING STATE STUDIES   
Damaraju et 
al. 
USA, <1500g, 
n=16 at 
18months, n=13 
at 36months  
Term born, 
n=9 at 18 and 
36 months 
resting state Resting state networks well 
developed at 18months, no group 
differences at 18 or 36 months  
Constable et 
al. 2012 
USA, 27-
35weeks, n=19, 
20yr 
Term born, 
local 
community, 
n=19 
resting state 20years after preterm birth still 
alterations in functional 
organization of the brain 
 
STUDIES OF EXECUTIVE FUNCTIONS 
Nosarti et al. 
2003 
USA, 1983-84, 
<33 weeks, 
male ,n=8, 14-
15yr  
Term born, 
right handed, 
advertisement
, male, n=8 
response 
inhibition 
Different BOLD signals as task 
response in preterm sample, 
possibly alternative pathways 
 
VISUAL AND AUDITORY STUDIES 
Santhouse 
et al. 2002 
UK, <33weeks, 
corpus callosum 
damage, n=7, 
18-20yr 
<33weeks, no 
corpus 
callosum 
damage, n=9 
and term 
born, n=7 
auditory and 
visual 
Early damage to corpus callosum in 
preterms gives a different neural 
strategy for forced callosal transfer 
Narberhaus 
et al. 2009 
UK, 1983-84, 
<33weeks, 
n=21, 20yr 
Term born, 
n=22 
visuo-
perceptual 
learning  
Activate different neural networks 
during mnemonic processing og 
visuo-perceptual material, 
indicating neural compensation 
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5. INTRODUCTION TO THE THESIS 
 
5.1. Project Extreme Prematurity Norway (PEP Norway) 
   
Project Extreme Prematurity Norway (PEP Norway), which this thesis is based on, is a 
national project initiated by Professor Trond Markestad (the Pediatric department of 
Haukeland University Hospital, 1998). In collaboration with the Norwegian Birth 
Registry, all children with GA < 28 weeks or with a BW < 1000g, born in Norway in 
1999 or 2000, were registered. In this two year period, 638 EPT/ELBW children were 
born, 485 of them were born alive, and 373 were alive at two years of age. This 
national cohort has previously been invited to participate at two and five years of age 
(Figure 1). 
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Figure 1 Included and excluded children from the national Project Extreme Prematurity: all children 
born in Norway in 1999 or 2000 with BW < 1000 or GA < 28 weeks. 
 
Pre-, neo- and post natal data were recorded. The assessment at two and five years of 
age involved parental questionnaires regarding physical and mental health, and a 
general clinical and neurological examination by a local paediatrician. Pre-defined 
developmental milestones were used to assess developmental stage at two years of 
age. At five years of age the children were also subjected to cognitive tests (WPPSI-R) 
and parental assessment of the Strength and Difficulties Questionnaire (SDQ, 
www.sdqinfo.com). 
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At two and five years of age the rate of major NDDs (like CP, blindness and deafness) 
was 8 and 12 per cent, respectively, and the rate was increasing with decreasing GA 
(39, 48, 90). At five years of age, extreme prematurity was found to be associated with 
increased risk of mental health problems (38 per cent had a Total Difficulty Score 
above the 90th percentile on the SDQ compared to 11 per cent in term born control 
children)(52). The risk was higher in EPT children with NDD, but even preterm 
children without NDD had higher risk of mental health problems than term born 
control children. 
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  5.2. Aims of the study 
 
The overall purpose of this thesis was to investigate cerebral anatomy and function in 
extremely preterm (GA < 28 weeks) or ELBW (< 1000g) children at the age of eleven 
compared to term born children. The main focus was the following aspects: 
 
I. To investigate possible differences in magnitude and frequency of MRI findings 
in a cohort of EPT and VPT compared to term born control subjects. 
 
II. To describe group differences in fMRI BOLD activation patterns and task 
performance in EPT/ELBW 11 year old children during a working 
memory/selective attention task. 
 
III. To investigate the association between school performance, working 
memory/selective attention task performance and BOLD activation during the task, 
and if prematurity per se is an influencing factor. 
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6. STUDY DESIGN 
 
6.1 Population 
All papers in this thesis are based on a regional cohort from the national PEP Norway 
study. At eleven years of age, 371 children from the original population were eligible 
for follow up, and 232 (63%) consented to participate. The regional EPT cohort 
included in this study comprised the 40 EPT/ELBW children born in the counties of 
Hordaland and Sogn- og Fjordane (Figure 2).  
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Figure 2 The regional cohort of EPT/ELBW children born in Hordaland or Sogn- og Fjordane, Norway 
1999/2000, BW < 1000g or GA < 28 weeks from paper I-III, Project Extreme Prematurity.  
*) Participant with NDD and a magnetic shunt.   
 
From a total of 40 preterm children in the regional cohort, 38 agreed to have the MRI 
scan, and the last two we did not manage to trace. One child had to be excluded as she 
has a magnetic shunt, and therefore could not be scanned in a hospital without a 
neurosurgeon on call (additionally, her neurological disabilities would not enable her 
to follow the instructions of the fMRI task). Controls for the 37 preterm children were 
selected in cooperation with the Obstetric Department, Haukeland University Hospital 
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(HUS). The study nurse made a list of the three first children of the same sex born at 
the Obstetric Department, HUS, after the birth of a preterm child (all born at HUS) 
participating in the study (inclusion criteria: GA > 37, birth weight > 3000g). The 
family of the first term born child on the list was first invited to participate. If they 
declined the next child on the list was approached. All invited controls received an 
equivalent letter to the EPT/ELBW children, containing information, a questionnaire 
and a consent form inviting them to participate as a control. Out of 60 controls invited, 
38 agreed to participate, but one child subsequently declined before scanning due to 
illness in the family, one child was excluded due to dental braces disturbing the 
images, and 36 were scanned.  
 
Population Paper I 
Structural anatomy of the brain was assessed in regional cohorts of EPT, VPT young 
adults and respective control groups. 
The EPT group was the children with GA less than 28 weeks from the Norwegian PEP 
study born in Hordaland and Sogn og Fjordane. They were assessed at 11 years of age 
along with individually matched controls (date of birth, place of birth and sex). Out of 
30 eligible preterm infants, one was excluded from analyses because of lack of a 
matched control Figure 2, Table 4). 
The VPT cohort was the subjects born with GA 28-31 weeks (n =51) extracted from a 
cohort of 19 year old subjects with BW less than 2000g born in Hordaland county. 
They were examined by members of the research group at 19 years of age along with a 
control group born at term (78). The control group was the original control group of 
100 subjects included in Odberg’s study,  i.e. they were of the same age and with the 
same distribution of first vs. later born children (78, 91). Descriptive data of the two 
preterm cohorts are given in Table 4.  
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Table 4 Clinical characteristics of the study cohorts 
Gestational age (GA) group GA < 28 weeks GA 28 - 31 weeks 
Number of subjects 29 51 
GA, weeks (SD) 26 (±1.0) 30 (±1) 
Birth weight, grams (SD) 900 (±168) 1436 (±308) 
Males, n (%) 17 (59) 23 (45) 
Scan age, years (SD) 
Mothers education ≤ high school, n (%) 
11.1 (0.5) 
11/26 (42) 
19.1 (0.8) 
33/43 (77) 
 
 
Population Paper II and III 
From the original cohort of 40, 37 EPT/ELBW children were scanned.  One child was  
excluded due to dental braces, and 8 preterm and 8 control children were excluded 
from the analysis during the pre-processing of the data due to excessive head 
movements disrupting the quality of the fMRI Images (translation and rotation was set  
to 5 mm each). Thus, 28 EPT/ELBW and 28 control children were included in the 
analyses (Table 5).  
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Table 5 Characteristics of the 28 EPT/ ELBW children and 28 controls (regional PEP cohort) included 
in the fMRI study. 
  
EPT/ELBW  
n=28 
 Controls 
 n=28 
 
p 
Boys, n (%) 15 (54) 16 (57) 0.793 
Gestational age, weeksa  27  (1.3) >37 - - 
Birth weight, gramsa 898 (154) 3737 (413) <0.001 
Scanning age, monthsa 132 (6) 133 (6) - 
Left handednessa, n (%) 3 (11) 3 (11) - 
PVHb, n (%) 4 (14) - - - 
Neurodevelopmental impairmentc, n (%) 1 (4) - - - 
High maternal educationd, n (%) 12 (43) 10 (36) 0.661 
School performancea,e,  52.5 (25.0) 57.1 (19.2) 0.487 
Response accuracya  310.5 (44.4) 341.3 (49.7) 0.018 
Top 50 groupf, n (%) 9 (32) 19 (68) 0.015 
BOLDa,g:      cingulum 0.044 (0.014) 0.049 (0.013) 0.249 
     right inferior parietal 0.033 (0.011) 0.038 (0.012) 0.437 
    right inferior frontal  0.033 (0.009) 0.035 (0.010) 0.438 
             total 2-back minus 1-back 0.001 (0.016) -0.003 (0.013) 0.264 
a) Mean and one standard deviation, b) peri ventricular haemorrhage, all of mild degree, c) cerebral 
palsy, mental retardation or severe sensory deficits d) defined as at least four years of college or 
university training, e) National school results from 24EPT/ELBW and 23 control children, f) Children 
with response accuracy in the top 50% of scores on the n-back/Stroop task, g) Total BOLD activation 
in the three ROI’s. 
 
Previously obtained data on morbidities and outcome up to five years of age were 
available on all 37 scanned EPT/ELBW children (Table 6). There was no statistically 
significant difference between the 9 excluded subjects and the 28 participants 
regarding sex, handedness, GA, BW, degree of neurological disabilities or level of 
mother’s education.  
Table 6 Comparison of characteristics of the included versus the scanned cohort of EPT/ELBW 
children in paper II and III, recorded at five years of age. Numbers of children (per cent) with the 
different characteristics, and mean (SD) for IQ. 
  37 EPT/ELBW children 28 included EPT/ELBW children 
Boys 22 (59) 15 (54) 
Cerebral  palsy 2 (5) 1 (4) 
Patent ductus arteriosus 21 (57) 16 (57) 
Necrotizing enterocolitis 2 (5) 1 (4) 
BPD 16 (43) 13 (46) 
Impaired vision  9 (24) 7 (25) 
Impaired hearing 6 (16) 3 (11) 
SGA 10 (27) 5 (18) 
IQ < 85 16 (43) 10 (36) 
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Though seven of the included children had impaired vision and three had reduced 
hearing, all children were able to see the computer screen clearly through the Lcd 
goggles, all could hear messages through the ear phones, and none of them revealed 
any sign of colour blindness during the pre-scanning computer trial.  
 
  6.2. MRI  
 
6.2.1. MRI protocol 
 
All the anatomical data from the EPT/ELBW group were collected at Haraldsplass 
Deaconess Hospital (Bergen, Norway) during the period of October 2010 to July 2011. 
Examinations were performed without sedation on a GE Signa HD 1.5 Tesla® 
(Milwaukee, USA) MRI scanner. The MRI protocol included a sagittal T1-3D fast 
spoiled gradient inversion recovery sequence and an axial T2 weighted propeller 
sequence using standard parameter settings. For the fMRI data, an EPI sequence was 
used for the BOLD responses. The parameters of the EPI sequence were: TR 3000 ms, 
matrix 64 x 64, FOV 240 mm, number of slices 28, with slice thickness 5 mm, no gap, 
voxel size 3.75 x 3.75 x 5 mm. There were fourteen EPI scans per block, and eight 
blocks, making a total of 112 scans. Five initial dummy scans were discarded before 
the data was analysed.  
The anatomical MRI examinations of the VPT cohort (at a different time) were 
performed without sedation at the Department of Radiology, Haukeland University 
Hospital, Bergen, Norway during the period of January 2006 to May 2007, using a GE 
Signa Excite HD 3.0 T® (Milwaukee, USA) scanner. The MRI protocol included a 
sagittal T1 weighted volume sequence (Spoiled Gradient Echo (SPGR) and an axial T2 
weighted sequence (Fast Spin Echo (FSE)). 
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Four cerebral parameters were evaluated in the MRI scans; 1) dilatation of the 
ventricles, 2) reduction in the bulk of WM, 3) the presence of focal WM pathology and 
4) thinning of the CC. Reduction in WM bulk was judged on an overall assessment of 
all WM volumes including subcortical, periventricular, capsular, brainstem and 
cerebellar WM. The assessment was subjective, and performed by one person without 
any background knowledge of the subjects other than EPT and VPT cohort. Within 
each cohort patient vs. control status was not revealed. Each parameter was scored as 
being either normal or having a mild, moderate or severe degree of pathology, and as a 
summary each parameter was scored as either pathological or normal. A total 
pathology variable, called Any of the above, was defined as positive if the subject had 
any degree of pathology in either of the four parameters.  
 
The scans from the two cohorts were obtained at two different MRI machines with 
different field strengths (1.5 T versus 3 T), but the same MRI sequences were assessed 
using the same Image Software Program (NordicICE®) and the same experienced 
paediatric neuroradiologist (blinded to GA status of each subject) evaluated the scans. 
 
6.2.2. fMRI task: Selective attention – working memory  
 
EPT/ELBW children are at increased risk of suffering from impaired working memory 
and selective attention (56, 92, 93). An fMRI paradigm combining working memory 
and selective attention was developed by professor Kenneth Hugdahl, and first used in 
Ole Gunnar Viken’s Masters degree thesis (94). This paradigm is based on a 
combination of two well-known neuropsychological tests; the n-back test for working 
memory and the Stroop colour-word test for selective attention.  
The n-back test: Working memory is thought of as a system with limited capacity, 
covering the tasks of storing, processing and retrieving information over a short time 
frame (95). In the n-back task, a subject is typically presented with a series of visual or 
auditory stimuli, and is asked to respond when a pre-instructed target stimulus is the 
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same as one presented at some point (1, 2 …or n presentations) previously in the 
sequence (96-99). Brain areas known to display BOLD activation as a response to the 
n-back task are found bilaterally in the prefrontal cortex, the inferior parietal lobule, 
the precuneus, the anterior cingulum/supplementary motor area, the lateral premotor 
cortex and the thalamus (98).  
The Stroop colour-word test: The test was first introduced by Stroop in 1935 (54). In 
this task, the participant is presented with the names of colour words (e.g. red, blue) 
written in inks of conflicting colours, e.g. the word "RED" written in blue ink. The 
participant is instructed to either respond to the written words themselves (word task) 
or the colour of the ink in which the words are presented (colour task). Naming the ink 
colour of a stimulus is slowed if the printed word designates a conflicting  colour 
because word reading is an automatic process that takes precedence over colour 
naming (for review see (100)). The increase in naming latency, known as the Stroop 
effect, is referred to as colour-word interference (101-103). This process is highly 
dependent on frontal and parietal lobe function, the anterior cingulum in particular 
(100), and is therefore a suitable measure for studying executive functions like 
working memory/selective attention (104).  
The combination of the two tests used in this fMRI study consisted of visual 
presentations of different colour-words written in conflicting ink colour, and presented 
one by one, and is referred to as the n-back/Stroop task. 
The fMRI session consisted of four runs of the words “RED”, “BLUE”, “GREEN” 
and “YELLOW”, all written in the three incongruent colours (e.g. red written in the 
ink colour blue, yellow or green, never red), making a total of 12 colour-words.  The 
words were displayed through MRI compatible LCD goggles (NordicNeurolab,Inc) 
attached to the head coil while the participant was in the scanner (see Figure 3 for a 
schematic illustration of the stimulus set-up).  
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Figure 3 Example of the colour words written in incongruent ink colours in the n-back/Stroop task.  
 
The words were written in the child’s native language, Norwegian. The task was to 
either respond to the word, independent of the ink colour it was written in, or to the 
colour independent of the actual word displayed, and to press a button held in the 
dominant hand when a word or ink colour matched the one presented either 1- or 2-
stimuli backwards in the sequence. The layout of the task comprised four different 
experimental conditions (word 1-back, colour 1-back, word 2-back, colour 2-back). As 
an example, in the Word 1-back and 2-back conditions, the participants were told to 
press the response button when the current word stimulus was the same as the word 
presented one or two words back in the stimulus sequence. In the Colour 1-back and 2-
back conditions the subjects were asked to respond to the ink colour of the words, see 
Figure 4. The participants were introduced to the procedure through a short computer 
program test sampling all four research conditions 15 min in advance of the actual 
scanning. This also worked as a quick screening for possible colour blindness and 
reading skills that could otherwise interact with their capability of responding to the 
correct stimulus. The stimulus sequence is exemplified in Figure 4. 
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Figure 4 Example of task instructions: In the word 1-back condition the child was instructed to press 
the response button when the written word presented was the same as the stimulus presented one 
screen back in the presentation sequence. In the colour 2-back condition the response was based on 
the ink colour of the stimuli being the same as the one presented two screens back in the 
presentation sequence. 
 
The stimulus sequences were presented via the E-prime software (Psychology 
Software Tools, Inc.). Responses were recorded by pressing a button held in the 
participant’s dominant hand.  
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6.2.3. fMRI Protocol 
 
Design: A three way (2 x 2 x 2) factorial design was chosen, based on the three 
independent variables Group (Preterm versus Control) x Load (1-back versus 2-back) 
x Instruction (word versus ink colour) organised in four separate runs. In Paper III, the 
Group level was also analysed for High versus Low rather than Preterm versus 
Control. Each run consisted of one experimental condition (Word 1-back condition = 
one run). For each run there were four ON blocks consisting of 16 stimulus 
presentations each and four OFF (stimulus absent) blocks. The OFF blocks were used 
as a baseline, in order to achieve proper contrast between task-related and task-
unrelated processing, and were subtracted from the ON blocks in a standard 
subtraction procedure typically used in block design. In each ON block there were 3, 4 
or 5 target stimuli randomly presented in the time series, where the subjects were 
instructed to press the response-key. Each stimulus was presented for 2.25 s followed 
by a blank interval of 0.3 s. The total time for each ON and OFF block was 40.8 s, 
(Figure 5). 
 
 
Figure 5 The block design used in the study. Each block lasted 40.8s and alternated between OFF 
(stimulus absent) and ON (stimulus present). There were four blocks in each run.  
 
The order of presentation of the four different experimental conditions was counter-
balanced across participants, so that one quarter of the subjects was randomly assigned 
to one of the four different presentation iterations; (a) colour 1-back, word 1-back, 
colour 2-back, word 2-back, b) word 1-back, colour 1-back, word 2-back, colour 2-
back, c) colour 2-back, word 2-back, colour 1-back, word 1-back and d) word 2-back, 
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colour 2-back, word 1-back, colour 1-back). This was done in order to cancel out any 
ordering-effects.  
 
Analysis of fMRI data 
The analyses of the fMRI data were performed using the SPM 8 software package 
(Statistical Parametric Mapping, Welcome Trust Centre for Neuroimaging, London, 
UK). SPM runs under MatLab (Mathworks, Natick, Mass.) and contains software 
particularly designed to analyse fMRI data. 
 
 
Pre-processing: fMRI data are susceptible to movements (head movements, breathing, 
pulsation, non-homogenic magnetic fields, etc.), and the images must therefore be pre-
processed in order to improve the quality. The first step is Realignment where the echo 
planar imaging (EPI) -images from each individual are realigned, typically such that 
all EPI images are realigned with the first scan, to control for variations caused by 
head movements. Translation and rotation movement were set to a maximum of 5 mm 
(any subject moving their head more than 5 mm sideways or up/down was excluded). 
The next step in the pre-processing is Co-registration, as EPI scans are of low 
resolution and show little anatomical contrast. In order to identify underlying brain 
structures in the activation data, the functional images are mapped onto high-resolution 
structural data. The Normalization process follows next to compensate for differences 
in anatomy between individuals. SPM 8 has an inbuilt function based on the Montreal 
Neurological Institute (MNI) stereotactic reference system, where each individual is 
“normalized” to fit an averaged brain volume. 
The final step of pre-processing is Smoothing, where high signal frequencies are 
reduced and low signal frequencies are increased using a Gaussian filter to reduce 
noise caused by hemodynamic changes. Smoothing reduces the amount of local cluster 
maxima showing significant activation and thereby reduces the chance of false 
significant positive clusters. The normalized and smoothed images are then used in the 
data analysis process in which the change in the BOLD response across time is 
estimated and tested for voxel-wise significance in a regression model with the time 
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course for the stimulus presentations, following the statistical principles of the General 
Linear Model. 
 
1st level analysis: For each subject included in the study, the OFF blocks or baseline 
recordings in each run were subtracted from the following ON blocks. This was done 
to reduce BOLD activation signals from other origins than the cognitive process of 
answering the task at hand (reduce noise). 
 
2nd level analysis: During the second level analysis, the processed 1st level images 
from each subject were grouped into the different conditions following the standard 
SPM 8 Full Factorial setup. The independent variable factors Group (Preterm versus 
Control), Load (1-back versus 2-back) and Instruction (Word versus Colour) were 
evaluated in a factorial design as shown in Figure 6.  
 
Figure 6 Diagram showing how the three different factors were arranged in a 2 x 2 x 2 manner. 
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In paper III, the second level analyses were repeated with Level 1 condition Group 
altered to consist of the groups “High” and “Low” scores on the RA task rather than 
“Preterm” and “Control”.   
 
 
Group comparisons BOLD data 
Voxel wise comparisons of fMRI data in SPM 8 consists of thousands of t- tests based 
on Gaussian field theory using multiple comparisons of average signals in the given 
condition (60). Different contrasts comparing the conditions are made by subtracting 
the average in one condition from the average of another condition. To correct for the 
multiple t-tests conducted by SPM 8, Family Wise Error (FWE) corrected significance 
threshold (p < 0.05) was used for the main affects activation within a group, and 
uncorrected threshold (p < 0.001) for contrasts between groups. FWE correction is also 
based on Gaussian field theory, where one corrects for the chance of finding false 
positive significances. Using uncorrected thresholds for the between group 
comparisons were chosen because FWE correction would be a too conservative test. 
Minimum cluster size was set to 10 voxels.  
 
Region of interest (ROI) analysis BOLD data 
Three regions of interest (ROIs) were chosen for a more detailed analysis of BOLD 
activation in each subject. The choice of ROIs was based on areas of activation with 
the highest overlap found when analysing the groups for whole brain volume 
activations. Two of the ROIs, located in the right inferior parietal and right inferior 
frontal gyrus, were defined by a 4 mm spherical area centred at coordinates (x = 47, y 
= -42, z = 51) and (x = 40, y = 28, z = 30) respectively. To make a third ROI in the 
ACC, a mask covering this region was made in order to define the area for signal 
extraction. Using in-house scripts based on the SPM 8 software package functionality, 
signal intensity within each ROI was averaged from spatially normalized frames for 
each individual subject, and then averaged along the time course, grouped by ON 
versus OFF blocks. 
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In- scanner behavioural data 
Response accuracy (RA) and reaction time (RT), defined as time from stimulus 
presentation to response, were registered with the E-Prime software. In addition to the 
difference between the classic Stroop colour word test and the working memory part 
of the n-back/Stroop task used in this study was the presentation of single words and 
the time limit for responses as the subject only had time to respond until the new 
stimulus was presented. 
 
6.3. School performance 
 
In the 5th year of school (at eleven years of age), all children in Norway attend three 
mandatory national tests covering the topics reading, mathematics and English skills. 
The tests are adapted to children in the Norwegian society, and are performed in a 
standardised way throughout the country. These tests are meant as an evaluation of 
each pupil’s skills in oral expression, writing, reading, mathematics, English skills and 
use of digital tools across several subjects (Utdanningsdirektoratet, www. 
Utdanningsdirektoratet.no). Each pupil is given a score in points and a general 
performance score, and all results are collected and stored by Statistics Norway. The 
results of these national tests for all consenting participants in this study were obtained 
from Statistics Norway. Although the tests are compulsory, not all children were able 
to attend all tests, and an average percentage score of points achieved (in relation to 
possible points) per attended tests was therefore computed and used as a measure of 
school performance. 
 
 
  6.4. Statistics 
 
Statistical analyses of the behavioural data were performed using Statistical Product 
and Service Solutions version 20 (SPSS, Chicago, IL, USA), Cytel Studio 9 for the 
matched data, and SPM 8 for cluster analysis of fMRI data.  
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In paper I, descriptive statistics were reported using mean and standard deviations 
(SD), proportions and odds ratios (OR). Degree of pathology in each of the four 
parameters (dilatation of the lateral ventricles, reduction in the bulk of WM, the 
presence of focal WM pathology, thinning of the CC), sum of pathology and “Any 
pathology” were considered categorical variables. Group differences between EPT and 
their matched controls were calculated using the non-parametric McNemar’s test. For 
comparison of VPT and controls, the Chi squared test was used, and risk estimates 
were expressed as OR and 95% confidence intervals (CI).  
 
In paper II, the RA (correct responses given in per cent) and RT (time from stimulus 
presentation to response) data from the n-back/Stroop task were subjected to analysis 
of variance (ANOVA) significance testing according to the specified design. Simple 
main-effects were analysed with post hoc Tukey's HSD test. For the BOLD data, the 
MRICron software (http://www.cabiatl.com/mricro/mricron/index.html) was used to 
identify the anatomical location of significantly activated clusters, yoking the 
Anatomical Automatic Labelling (AAL) atlas 30 and Brodmann area (BA) templates. 
To test for normality, or equality of variances, in the two groups, we extracted the 
BOLD signal from three selected ROIs in all subjects. The three ROIs were chosen as 
representatives of overlapping activations between groups, and were spherical regions 
with a 5 mm radius around the peak voxel of the three MNI coordinates (x = 33, y =  -
85, z =  -5) Occipital middle (left), (x = -21, Y = -91, z = 3) Occipital Inferior (right) 
and (x = 5, y =  19, z = 51) Supplementary motor area (right). The signal intensity area 
within each ROI was averaged throughout the volume on spatially normalized frames 
for each individual subject, and then averaged along the time course grouped by 
ON/OFF blocks, using in-house scripts built around functions in the SPM8. The 
relative change in signal intensity was calculated according to the formula ((ON/OFF) 
– 1). The difference in homogeneity of the variance/covariance matrices was tested 
using Levene's test. Non-significant (p > 0.05) differences between the groups was 
found for all tests in all three ROIs. The data was analysed for overlap between 
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expected normal values and the observed values for the preterm children and the 
controls, as normality is a statistical assumption in the General Linear Model 
implemented in SPM 8 (Figure in Paper II). 
 
In paper III, SPM and MRICron were used the same way as in Paper II to localize 
clusters in the High versus Low group comparison. Mean values with SD (using t-
tests), proportions and ORs (using the chi squared test) were computed in SPSS 20. To 
analyse school performance and/or RA according to BOLD activation and prematurity, 
a linear regression analysis using the General Linear Model procedure in SPSS was 
applied. Results were expressed as estimated regression coefficients (B) per unit 
change in each predictor variable with 95% CI. 
 
 
 
  6.5. Ethics 
 
The project was approved by the Regional Ethics Committee for Medical Research in 
Western Norway (REK-Vest 2009/2271 - EPT cohort, REK 3.2005.1372 – VPT 
cohort). Informed written consent from the parents and oral consent from the children 
were collected for all EPT/ELBW participants. Written consent was obtained from all 
the 19 year old participants. 
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7. RESULTS 
 
     7.1. Summary of papers 
 
Paper I: “Cerebral Magnetic Resonance Imaging findings in children born 
extremely preterm, very preterm and at term” 
MRI pathology, (the summary score) was found in three out of four EPT children 
versus one out of three EPT controls, and in half of the VPT young adults versus one 
out of five VPT controls. A higher proportion of MRI pathology was found in the EPT 
group than the VPT group, as well as in the EPT control group compared to the VPT 
control group. The OR for the two preterm groups compared to their respective 
controls were therefore almost equal, and actually tended to be lower in the EPT 
group; (EPT – EPT controls: 4.3, 95% CI 1.5 to 137.5, VPT – VPT controls 5.2 CI 2.5 
to 10.9). The types of MRI pathology were the same in both preterm groups, and to a 
lesser extent in the control groups, although less frequent. The most common 
pathological finding was mild pathology, and frequencies of moderate and severe 
pathology of any kind were too low to analyse. Ventricular dilatation was most 
common in the EPT cohort, reduction in bulk of WM most common in the VPT cohort 
and focal WM pathology and thinning of the CC was equally common in the EPT and 
VPT cohorts.  
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Figure 7 Structural MRI findings in children born EPT (GA < 28 weeks) or VPT (GA=28-31weeks) and 
their respective controls born at term.  
 
 
 
 
Paper II: “fMRI – blood oxygen level dependent activation during a working 
memory-selective attention task in children born extremely preterm” 
 
The pattern of BOLD activation during the task covered bilateral areas in the occipital 
inferior gyrus (BA 18/19), the right supplementary motor area (BA 6), bilaterally in an 
area extending from the ACC (BA 24/32) to the middle frontal and precentral gyrus 
(BA 6/44/45), bilaterally in the insula (BA 47/48) and bilaterally in the angular area 
extending into the parietal superior and inferior gyri (BA 7/40). The activation pattern 
found in the EPT group was the same as in the term born control children, but the 
intensity was significantly reduced.  Increasing cognitive load (the highest cognitive 
load was in the colour 2-back condition) lead to increased BOLD activation, 
particularly in the ACC, prefrontal and parietal areas compared to controls, Figure 8. 
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Preterm word 1-back      Preterm colour 1-back   Preterm word 2-back    Preterm colour 2-back                      
                          
Control word 1-back      Control colour 1-back      Control word 2-back      Control colour 2-back 
                
Figure 8 Main activation patterns during the fMRI task for all four conditions for preterm and control 
children, made in SPM 8, FWE corrected, p < 0.05.   
 
RA results showed significantly fewer correct responses in the EPT group than in the 
control group. This difference was most pronounced with maximum cognitive load, 
i.e. the colour 2-back condition. RTs showed no significant group difference in any of 
the four experimental conditions of the test, although there was a trend towards longer 
RTs for the EPT/ELBW children (Table 8).  
 
Table 8 Response accuracy scores (%) and reaction time (ms) for the n-back/Stroop task in preterm 
and control children. 
 Word 1-back Word 2-back Colour 1-back Colour 2-back 
 EPT Controls EPT Controls EPT Controls EPT Controls 
Response accuracy (%) 94 96 62 76 93 92 61 77 
Reaction time (ms) 831 710 891 811 765 683 798 754 
 
 
 
For EPT children, the mean group difference in BOLD activation patterns was 
increased in the colour 1- and 2-back conditions according to the SPM activation 
maps. This was consistent with the largest group difference in the RA measure being 
the colour 2-back condition.  
 
In addition to the information reported in Paper II we performed an ROI analysis of 
the cingulate cortex, an area important for higher cognitive functioning. The results 
< < < <
< < < <
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showed significant mean difference in BOLD activation in EPT children compared to 
term born controls (Figure 9).  
 
          
Figure 9 fMRI BOLD activation in the cingulate cortex in Control minus Preterm contrasts for the 
colour 1-back condition (left) and colour 2-back conditions (right). The opposite contrasts, Preterm 
minus Control, and the word conditions gave no significant activation.  
 
 
 
Paper III: “Functional Magnetic Resonance Imaging, school performance and 
prematurity: a regional, clinical-controlled cohort study” 
 
There was a linear relationship between school performance, based on national school 
test data, and RA on the n-back/Stroop task. RA was associated with BOLD activation, 
and being born preterm enhanced this association. There was, however, no association 
between school performance and BOLD activation.  
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8. DISCUSSION 
 
The present thesis was an evaluation of structural and functional MRI findings during 
a working memory/selective attention task in a regional EPT cohort of eleven year old 
children compared to control children. 
 
 
8.1. Summary  
 
EPT children displayed more pathology on structural MRI scans than term born 
children, mainly due to mildly enlarged ventricles, and only limited numbers had 
moderate or severe pathology. The ratio of pathology in EPT children compared to 
term controls was not higher than in VPT young adults to their controls born 12 -14 
years earlier, which may imply a very positive development for EPT children with 
time. The pattern of pathology was not specific for preterm children, but pathology 
was mainly found in the form of increased ventricular size, reduced bulk of WM, focal 
WM pathology or reduced size of CC. The cingulum, an area in close proximity to the 
ventricles and CC, as well as prefrontal and parietal areas, showed significantly 
reduced BOLD activation in EPT/ELBW compared to term born children. No signs of 
alternative pathways unique to EPT/ELBW children were found. Reduced BOLD 
activation is often associated with reduced cognitive outcome in fMRI studies, as in 
this study. Despite the link between cognitive function (RA scores on the fMRI task) 
and school performance, only cognitive function was associated with BOLD 
activation. BOLD activation maps revealed that the difference between EPT and term 
born children was not the same as the difference between children scoring high or low 
on the cognitive test.  
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8.2. Population 
 
8.2.1. Selection criteria 
 
The selection criteria for the national PEP cohort were based on both GA and BW 
(105). Many previous studies have classified preterm children according to BW, but 
lately GA has been considered a more precise measure of a preterm child’s maturity 
(17). Children born SGA, e.g. with a low BW for GA, is more mature and therefore 
has a better outcome in several aspects than children with the same BW but lower GA. 
Using both GA and BW as criteria when selecting the national cohort was chosen to 
enable comparison to preterm cohorts in other studies. Paper I included children 
selected only by GA. They were extracted from two different cohorts of different ages; 
11 year old children with GA less than 28 weeks from the PEP study and 19 year old 
young adults with GA 28-31 weeks from a cohort with BW less than 2000 g. In Paper 
II and III, both the EPT and ELBW children from the PEP study were included 
because a further reduction from the 28 included preterm children to obtain a pure EPT 
group would mean a simultaneous reduction in statistical power which we felt to be a 
greater scientific loss than a possible benefit gained by a pure GA group. To our 
knowledge, all other fMRI studies on preterm children included groups of mixed 
maturity and BW.  
 
 
8.2.2. Number of participants 
 
The study population in all three papers included a relatively small number of subjects, 
which increased the likelihood of the population not being representative for the true 
EPT/ELBW population. As an example, mothers of the EPT/ELBW children in this 
thesis had the same level of education as the mothers in the control group, Table 5. 
Most previous studies report that mothers of preterm children have a slightly lower 
level of education than mothers of term born children (106). Also, the lack of  
significantly lower school performance in the EPT/ELBW group compared to the 
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control group was an unexpected finding, as it is generally  accepted that preterm 
children score below term born children on cognitive tasks and at school tests (55, 56). 
Whether the higher than expected school performance in this study is caused by the 
EPT mothers’ higher than normal educational level is not known, but possible as the 
mother’s educational level is a known strong predictor of the child’s cognitive 
outcome (107). On the other hand, the similarities in maternal education abolished a 
potential significant confounder and the similarities in school performance and 
relatively small differences in all outcomes may confirm earlier suggestions that 
prematurity per se, is a weaker predictor of long term outcome than parental factors 
which may include both genetic and nurturing elements (108). 
 
8.2.3. PEP and other preterm cohorts 
 
The number of subjects included in the study could be a limiting factor when it comes 
to comparing this cohort to other EPT/ELBW cohorts. While 9% of the national PEP 
cohort had NDDs (CP, deafness, blindness) at five years of age (39),  a relatively low 
rate, the number was only four per cent in the regional cohort. Gender distribution in 
the regional cohort was coherent with the national cohort (48) and a Swedish national 
cohort of extremely immature children (GA < 26 weeks) (109).  
Regarding brain injury, the rate of PVH > grade 2 in the national PEP cohort was 6% 
(105), a slightly higher number than in the British EPICure study (110), possibly due 
to different grading systems.  
All in all, the PEP cohort, both the regional and the national, is probably representative 
of other EPT/ELBW cohorts in other European and North American countries with 
similar economy (28, 110).  
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8.3. Methodological considerations 
 
8.3.1. The working memory/selective attention task  
 
The fMRI task chosen in this thesis reflects both working memory (the n-back part) 
and selective attention (the Stroop part) (54, 111). Both components are important for 
cognitive function, and are found to be an overall challenge to preterm children (56). 
In clinical terms, preterm children are often reported to have difficulties when given 
several instructions at the same time, and are known to have higher rates of attention 
problems than term born children (112). As both selective attention and working 
memory are of importance in daily function (for children and adults in general), the 
aim of the n-back/Stroop task was to look at selective attention in a working memory 
setting.  
In adult studies, the n-back task normally includes1-back, 2-back and 3-back. When 
planning and piloting the study, the 3-back situation was assessed too difficult for 
eleven year old children in general, and therefore only the 1- and 2-back conditions 
were chosen.  
 
8.3.2. School performance  
 
School performance is an easy and reliable measure to evaluate how well a child is 
managing daily activities and life in general.  In this thesis, only the academic aspect 
was included in the evaluation, and the mandatory national tests at eleven years of age 
were used as a measure. According to the Department of Education in Norway, the 
tests are meant as an evaluation of how well Norwegian schools succeed in developing 
the core educational skills of reading, mathematics and parts of the English language 
in their pupils (www.udir.no/nasjonaleprover). As an alternative, standard IQ tests 
instead of school performance could have been used. However, IQ is a very specific 
measure, and is not adapted to the requirements of function in daily life as well as 
school tests. The tests are standardised, adapted to the Norwegian society at eleven 
years of age, and compulsory. Therefore, no extra burden of costs, time or other 
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disadvantages would be put on the children in order to attend them, and the national 
school tests were deemed the most appropriate outcome measure in this thesis.  
 
School performance is thought to be closely linked to cognitive function, which was 
confirmed in the present study in the form of a working memory/selective attention 
task. It is surprising, though, that the difference in school performance scores between 
EPT and control children was smaller than the difference in RA scores on the 
cognitive task. The brain activation unique to high compared to low achievers on the 
n-back/Stroop task covered different areas of the brain than control compared to EPT 
children. This supports the notion that underachievement at school in EPT children is 
caused by more than purely cognitive skills.   
 
 
8.3.3. Data collection 
 
All the EPT/ELBW children and families contacted in this study agreed to participate, 
while 22 of the invited controls reclined. A possible explanation is that EPT/ELBW 
families know the benefits from research on this group of children, while families of 
term born children do not have the same experience. Additionally, EPT/ELBW 
children are more likely to have been through structural MRI scanning previously and 
therefore less likely to be afraid of the scanning procedure. During the pre-scanning 
task introduction, the typical EPT/ELBW child would agree to understanding the task 
without asking questions, but still fail to press the pretend response button during the 
pre-scanning test. The typical term born control child, however, understood or asked 
questions, and then managed the pre-scanning practice procedure. This information is 
based on the observer’s clinical impression, and is only mentioned as a curious 
observation, but it may reflect differences in cognitive abilities. 
The main challenge during data collection was to make sure the eleven year old 
children did not move during the scanning procedure (45 minutes). All children were 
instructed to not move their head or body during the scanning session. Despite this, 
one child aborted the scanning procedure after ten minutes unable to lie still, and seven 
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other EPT/ELBW children and eight term born controls were lost to further analysis 
due to excessive head movements. 
 
8.3.4. Statistics 
  
Paper I: It was challenging to compare two cohorts of different ages and GA, and that 
had different criteria for control selection. The EPT cohort was individually matched 
for sex and time of birth at time of scanning, while the VPT control group was selected 
at a different time for a larger low BW cohort, and therefore not individually matched. 
This resulted in different statistical methods when comparing the cohorts to their 
respective controls. As far as we know, however, no other papers have reported 
cerebral MRI findings in EPT children of this age, or compared MRI findings of 
subjects born EPT and VPT. Although selected differently, we suggest that both 
control groups were representative of subjects born at term and that the results were 
valid and of importance 
.  
Paper II and III: We chose to evaluate the fMRI data in a parametric approach using 
the standard General Linear Approach implemented in SPM 8. This model was used to 
generate statistics in every single voxel, and then the resulting statistical map for 
significant brain areas was tested using distributional estimates for continuous random 
fields with the same distribution and smoothness. Behind this model lies an 
assumption that the data are obtained from stationary homogeneous discrete Gaussian 
random fields. If the intra individual variability in the BOLD data is large, it is 
difficult to know if the preterm data at each voxel is normally distributed. Another way 
to analyse the data, however, would have been to use a permutation based approach, 
which is a method that is not routinely available or used (113) but possibly performs 
better in small groups where the assumptions of classical parametric analysis are hard 
to test. We tested for differences in homogeneity of the variance/covariance matrices 
using Levene's test(114). The Levene's test statistically tests the null hypothesis that 
variances in two samples are equal, and thus assesses the assumption of 
homoscedasticity in tests of significance using a GLM approach. The results of the 
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Levene's test showed non-significant (p > 0.05) differences between the groups for all 
three ROIs (Figure 7). We therefore conclude that comparing the premature and 
control groups using a GLM approach, as implemented in SPM8 does not violate the 
assumption of homogeneity of variances between the groups.   
 
 
8.4. Main results 
 
8.4.1. Structural MRI  
 
To our knowledge this is the first report comparing structural MRI findings in eleven 
year old EPT children with term born controls, and with a group of VPT participants in 
unselected cohorts. We find only very young EPT children referred to in the literature, 
making comparisons of the findings a challenge.  
The neuroradiologist performing the assessments in this study had long experience 
with MRI data and was blinded to the preterm-control status, but the subjective nature 
of the grading process may have introduced a systematic difference in drawing a line 
between a normal or mildly abnormal scan. Also, the time lapse between the 
evaluations of the EPT and VPT groups could potentially have inflicted some change 
in evaluations. This may explain some of the difference in frequencies between the 
eleven and the nineteen year old subjects. All anatomical MRI scans were evaluated by 
one neuroradiologist, rather than two or more. Although we have no evaluation of 
inter-rater agreement in this study, one of the co-authors has shown in a previous study 
that the inter-rater agreement for ventricular dilatation is acceptable (115). We do 
however not know for certain whether this also applies to WM changes. 
It is difficult to conclude whether the ratio of mild pathology in the MRI scans was 
higher in the EPT than the VPT group. The overall per-cent of pathology was higher in 
the EPT group, but the ratio of pathology in the EPT control group was equally higher 
than in the VPT control group. As a result, the OR of having a pathological structural 
MRI scan compared to term born controls was about equal in the EPT and the VPT 
group. This could be caused by a higher ratio of e.g. increased ventricular size in term 
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born eleven year old children than in term born nineteen year old young adults, or due 
to the subjective scoring. Term children have more prominent ventricles than teenagers 
(ventricles get smaller with age until the end of the second decade), and subjective 
assessment to separate mild ventriculomegaly from normal findings in children is 
therefore challenging.  
All in all the frequency of moderate and severe pathology in EPT children was lower 
than expected, which is a positive development in this group. The main cause of the 
high pathology frequency in the EPT group was the high number of mild ventricular 
dilatation, which is not known to have any implications for neuro development.  
 
 
   8.4.2. Functional MRI  
 
The main outcome of the first fMRI study (paper II), that EPT children displayed 
reduced BOLD activation compared to term born control children during the working 
memory/selective attention task, was in line with previous research of preterm children 
applying different cognitive tasks (89, 116). The n-back/Stroop task has not been used 
in an fMRI study of preterm children previously. To our knowledge, no previous fMRI 
paper has focused on differences in brain activation in the selected group of 
EPT/ELBW children versus term born children, only in mixed preterm groups. A large 
range of GA or BW values indicate a  morphologically different group of children 
when it comes to brain development (SGA etc. (17)), and the results of this thesis will 
therefore describe changes more directly connected to prematurity, and have less 
confounding factors. 
Accuracy of BOLD data in children is a critical issue for this thesis. Several previous 
fMRI studies of children have found that neuronal networks during cognitive tasks are 
more or less similar to what is seen in adults when the children are older than five 
years. The development rate of the brain is different in individual children 
(myelination, synaptic pruning, volumes), however, and whether these factors could 
influence the BOLD signal in minor ways is uncertain (117). Additionally, due to the 
on-going development, the perfusion and metabolism rate is higher in children than in 
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adults. This could have reduced the difference in BOLD signal between task and 
baseline, leading to mean group differences below significance level (118). 
 
The areas of increased BOLD activation included areas expected from results of n-
back and Stroop tasks in previous studies (94, 98, 102). The reduced activation in 
EPT/ELBW children in these areas is interpreted as indications of reduced or different 
activity compared to term born children. Other studies of preterm children have also 
found reduced BOLD activation in selected brain areas according to which fMRI task 
was chosen. Also, studies of children with dyslexia, ADHD or autism report reduced 
activation in given areas compared to controls, and some of these areas overlap with 
the findings in this study, i.e. when related to working memory and attention (119-
121). Activation unique to preterm compared to term born children, indicating the 
existence of alternative pathways, has also been reported (86, 89). No evidence of 
alternative pathways was found in this study. It could be that there are no alternative 
neural pathways in preterm children for working memory/selective attention tasks. An 
alternative explanation is that the high baseline metabolism in children could have 
masked the existence of increased BOLD signal in alternative areas.  
 
No association between school results and BOLD activation during the working 
memory/selective attention task was found. As school results are known to be closely 
linked to cognitive skills, and there was an association between the cognitive task 
(working memory and selective attention) and BOLD activation, this lack of 
significant results was surprising. Possible explanations may be that the low number of 
participants resulted in insufficient statistical power to reveal an existing association, 
that the baseline metabolism in children is so high that it masks a possible BOLD 
signal difference, or that there truly was no association, maybe because the national 
school tests and working memory/selective attention are not covering the same brain 
areas/functions. It seems reasonable that the low number of participants and high 
metabolic rate in children is the most likely cause of the lack of significant association. 
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The pattern of BOLD activation in the high achieving children compared to the low 
achieving children did not involve any part of the prefrontal cortex. This was 
surprising as the prefrontal cortex is the main area for processes involving working 
memory (94). It was interesting, however, that the precuneus was a main area of 
difference between high and low achievers as the precuneus is involved in a large 
range of highly integrated tasks (122). That the BOLD signal difference between 
EPT/ELBW and term born children being located in prefrontal and parietal areas and 
the ACC was less surprising as these are areas known to be involved in working 
memory and selective attention. 
When analysing BOLD activation in all the EPT/ELBW children as a group, a 
significantly overall reduced BOLD activation was found compared to control 
children, but not when analysing the three ROIs with most overlapping areas of 
activation (in both groups) separately. Yet again it is possible that analysing the data 
individually, and only looking at a smaller area of the brain, reduced the strength of 
the data and masked an existing association. As this connection was found when 
comparing groups (EPT versus controls) and including the whole brain, it may perhaps 
be possible to find it in a larger scale study. 
 
 
   8.4.3. In-scanner behavioural data 
 
The RA scores revealed that increasing the working memory load (going from 1-back 
to 2-back) made a larger impact on cognitive load than changing the task from word to 
colour (Figure 9). There was a significant difference in response accuracy and reaction 
times overall between the 1-back and the 2-back conditions. The colour 2-back was 
expected to be the most difficult, or cognitively most demanding task, and was also the 
only condition where we found a significant difference between the preterm and 
control group. The reaction time was longer during the 2-back conditions in both 
groups as expected, see Figure 10, but there was no significant group difference 
between term and preterm children, only a trend towards longer reaction times in the 
preterm group. Yet again, it is possible that the number of participants was too low to 
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show an existing group difference in reaction times. Some authors suggest that 
increased RT found in children with attention problems like ADHD etc. are due to a 
lack of attention in a few responses, while most recorded RTs are average length (123, 
124). This could have been a likely explanation for the trend of longer RTs in this 
study, but the recorded RTs showed longer duration for most responds. More studies 
are necessary to investigate whether RTs are longer in EPT children and, if so, - why.  
 
 
8.8. Implications 
 
The number of surviving preterm children increases, particularly children born EPT.  
They are born at a critical time of the development of the brain, and numerous factors 
in the neonatal period can cause deviant development. It is important to disclose such 
developmental patterns in order to understand and possibly prevent deviant 
development, and also in order to support these children through school and into 
independent and happy lives as adults. Sadly, it is still a common belief in society that 
preterm children should have ‘caught up’ with their term born peers by school age, and 
their difficulties at school can easily be misinterpreted as inattentiveness or lack of 
dedication by teachers as well as parents.  Confirming and describing differences in 
brain anatomy and function as in this thesis can make it easier for this group of 
children to get sufficient help and understanding, particularly at school. 
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9. CONCLUSIONS 
 
EPT children without severe NDD have more cerebral pathology as seen in structural 
MRI scans, have lower response accuracy on a working memory/selective attention 
task and display reduced fMRI BOLD activation in selected brain areas compared to 
term born control children, although not associated with school performance in this 
study.   
- The increased MRI pathology in EPT children is mainly due to mild ventricular 
dilatation 
- The risk of finding pathology in cerebral MRI scans in EPT children compared 
to term born controls is not higher than for VPT young adults compared to 
young adult controls 
- EPT/ELBW children display reduced BOLD signal response to a working 
memory/selective attention task compared to term born control children, but the 
same brain areas were involved, i.e. no alternative pathways were detected 
- RA on the working memory/selective attention task is reduced in the 
EPT/ELBW group compared to the control group when cognitive load is 
increased 
- School performance is associated with RA on a working memory/selective 
attention task, but not with the fMRI BOLD signal invoked by the task 
- The area of reduced fMRI BOLD signal intensity in EPT/ELBW compared to 
control children is not the same as in low compared to high achievers on the 
working memory/selective attention test, indicating that cognitive function is 
not the whole explanation for underachievement in EPT/ELBW children 
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10. FUTURE CHALLENGES 
 
- Convey to physicians, and particularly radiologists, the wide distribution of 
ventricular size in MRI scans in order to avoid overemphasis of its clinical 
relevance.  
- A larger number of participants is needed to answer whether there is an 
association between BOLD activation and school results.  
- Further studies on neuronal correlates for other cognitive functions e.g. 
executive functions, in EPT children to learn more about the cause of reduced 
cognitive functions in this group are need. A Diffusion-tensor-imaging (DTI) 
study describing the neural connections between implicated brain areas when 
solving the working memory/selective attention task could provide valuable 
knowledge on how the preterm brain differs in anatomy to the brain of the term 
born child. 
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